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Introduction P-element induced wimpy testis (PIWI) interacting RNA (piRNA) are a class of small, non-coding RNA that can act as an adaptive "immune" system to suppress transposable elements (TE) (Czech et al. 2018; Ozata et al. 2019) . The piRNA are unique from other small RNA in that they bind to PIWI proteins, a specialized subfamily of Argonaute proteins expressed primarily in germ cells (Batista et al. 2008; Das et al. 2008; Ashe et al. 2012 ; Lee et al. 2012; Shirayama et al. 2012) . They are also longer (24-35 nt) than microRNA (miRNA; 21-23 nt) and small interfering RNA (siRNA; ∼21 nt) and have 2′-O-methylmodified 3′ termini (Fig. 1) .
The piRNA-mediated TE suppression is a highly conserved mechanism necessary for fertility. Disruption of the piRNA pathway has been shown to lead to infertility in fruit flies (Wilson et al. 1996; Lin and Spradling 1997) , zebrafish (Houwing et al. 2007 (Houwing et al. , 2008 , and male mice (Kuramochi-Miyagawa et al. 2004; Carmell et al. 2007 ) via activation of TE. Moreover, mutations affecting piRNA-pathway genes in humans are associated with oligozoospermia and azoospermia (Gu et al. 2010; Gou et al. 2017) .
The piRNA are able to silence TE transcriptionally (target DNA) and post-transcriptionally (target RNA) (Fig. 2) . In post-transcriptional gene silencing, primary piRNA guide cytosolic PIWI proteins to the complementary TE RNA. Upon hybridization, PIWI proteins catalyze the endonucleolytic cleavage between the 10th and 11th positions of the TE target relative to the piRNA 5′ end. The cleaved product can then be loaded into another PIWI protein and become a secondary piRNA, resulting in a piRNAspecific "Ping-Pong" loop that enables piRNA to both silence TE RNA targets post-transcriptionally and produce more piRNA for further silencing (Brennecke et al. 2007; Gunawardane et al. 2007 ). This post-transcriptional silencing mechanism has been reported in many, if not all, bilateral animals (Grimson et al. 2008) . In some species, piRNA can target DNA and suppress transcription directly through chromatin modifications in nuclei, including setting repressive histone marks and inducing DNA methylation (Aravin et al. 2008; Le Thomas et al. 2013; Yu et al. 2015; Watanabe et al. 2018) .
The capacity of piRNA to mediate both transcriptional and post-transcriptional regulation distinguishes them from widely used miRNA/siRNA treatments and gives them great potential to serve as an innovative tool for gene-specific repression. Unfortunately, we have yet to define the extent of piRNA nuclear function existing beyond fruit flies and mouse primordial germ cells, or to elucidate the mechanisms underlying PIWI recruitment and transcriptional silencing establishment (Czech et al. 2018; Ozata et al. 2019) . As no mammalian cell line has been reported to produce piRNA, the study of mammalian piRNA has been greatly challenged due to lack of in vitro methodology. The use of diverse model organisms, however, has helped to uncover mechanisms underlying piRNA-mediated TE suppression and piRNA biogenesis.
Chicken piRNA
We and others have pioneered piRNA studies in chickens Rengaraj et al. 2014; Chirn et al. 2015; Chang et al. 2018) , uncovering the unique features of the chicken piRNA pathway, as well as its commonalities with that of other organisms. Akin to piRNA reads from adult mouse testis, 70% of piRNA reads from roosters uniquely map to unannotated intergenic regions. There, piRNA come from discrete genomic loci computationally defined as piRNA clusters. Unlike the divergent and unidirectionally transcribed piRNAproducing loci in mice, we found piRNA loci in roosters to be transcribed convergently. Uniquely mapped piRNA are derived from both strands. Such features of dual-strand piRNA clusters was thought to be specific to fruit flies (Brennecke et al. 2007; Malone et al. 2009; Czech et al. 2018) , which is due to noncanonical transcription machinery (Andersen et al. 2017) . The mechanism underlying convergent transcription of chicken piRNA clusters is unclear.
In chicken testes, we detected robust piRNA-mediated post-transcriptional silencing of TE Sun et al. 2017) . Moreover, chickens have been found to only have two PIWI genes, lacking an ortholog of PIWIL4 (MIWI2), the mouse PIWI protein that localizes to nuclei and guides de novo DNA methylation to silence TE in primordial germ cells (Carmell et al. 2007; KuramochiMiyagawa et al. 2008; Molaro et al. 2014; Itou et al. 2015; Manakov et al. 2015; Kojima-Kita et al. 2016) . Whether chicken piRNA also suppress TE through transcriptional silencing still needs to be investigated (Fig. 2) . Therefore, some features of chicken piRNA resemble mammalian systems, and some of them resemble other model organisms (Table 1 ). The use of chickens for piRNA studies may unify distinct features from diverse model organisms and shed light on the evolution of piRNA pathway.
TE in chickens
Transposable elements threaten genome integrity primarily through insertion-related mutagenesis (Zachar and Bingham 1982) and ectopic homologous recombination (Dittwald et al. 2013) . In insertion-related mutagenesis, TE are actively transposing to insertion sites that are polymorphic within populations. Examples of TE insertion-mediated mutagenesis are seen in the late feathering of chickens, associated with Avian leukosis virus subtype E (ALVE) insertion into a duplicated sequences on the Z chromosome (Bacon et al. 1988) , and in blue egg shells, caused by insertion of a member of the endogenous avian retrovirus family into the 5′ untranslated region of a specific gene Slco1b3 . Even when TE are not necessarily able to transpose, they may still serve as hotspots for ectopic homologous recombination. For example, despite endogenous human retroviral elements not being able to generate new insertions in humans, the recurrent deletion of Yq12, which causes azoospermia, is mediated by recombination between two human endogenous retroviral elements (Sun et al. 2000; Campbell et al. 2014) . Chicken genomes harbor diverse TE, which constitute approximately 10% of the chicken genome (Wicker et al. 2005) . Unfortunately, the use of different naming systems in the two most comprehensive TE databases, Repbase (Jurka et al. 2005) and RepeatMasker (Smit et al. 2016) , complicated the annotation of chicken TE. We, therefore, conducted a systematic analysis of chicken TE (Sun et al. 2017) , in which we matched the corresponding names between Repbase and Repeatmasker and corrected the TE that were misannotated. In total, chicken genomes encompass 200 TE families, primarily belonging to the CR1 superfamily, endogenous retroviruses (ERV), and DNA transposons (Fig. 3) . The CR1 superfamily and ERV replicate through RNA intermediates, making them retrotransposons rather than DNA transposons. The presence of long terminal repeats surrounding internal sequences distinguishes ERV from the CR1 superfamily.
ERV insertion polymorphisms are widely distributed in chicken populations. ALVE is the most recently invading ERV family. Its genomic DNA copies were identified as endogenous viral (EV) genes. In one study, Southern blotting was used to probe the diversity of EV genes from 100 chickens representing 68 insertion sites; each chicken had at least one EV gene, but no single locus was common to all individuals (Rovigatti and Astrin 1983) . In our previous study, we observed 58 ERV inserted into protein-coding genes only in White Leghorn but not in the Red Jungle Fowl reference genome (Sun et al. 2017) . Most of these insertions had not been previously mapped (Fig. 4) . As insertions are mutational events, each has the potential for altering the phenotype. However, in comparison to the existing efforts to define single nucleotide polymorphisms (Wong et al. 2004; Rubin et al. 2010 ), we lack a systematic analysis of ERV insertion polymorphisms among chicken breeds and their functional impact.
New piRNA acquisition
Conflicts between TE and their hosts have existed for millions of years. Almost all vertebrate germ-line genomes have been invaded by viruses (Malik et al. 2000) . Approximately half of the human genome, for example, is derived from ancient retroviruses and other TE. Over time, these TE lose the ability to infect other cells, becoming trapped within the cellular genome. However, under certain circumstances, particularly in germ cells, TE transpose and damage the host's genome. As a defense, animals have developed an adaptive piRNA system that target TE via base-pair complementarity. The initial triggers of piRNA-mediated silencing are transcribed from piRNA clusters. To be able to recognize the "non-self " sequences, a host must have incorporated appropriate foreign sequences into these genomic loci. This RNA-based immune system, where foreign DNA is hijacked and employed to defend the cell, adopts a strategy similar to that of the CRISPR (clustered regularly interspaced short palindromic repeats) system in prokaryotes (Kumar and Chen 2012) (Fig. 5) .
However, we have yet to elucidate how a host generates new piRNA in response to a new TE invasion, nor how piRNA and TE coevolve. New piRNA-producing loci can originate via duplication (Assis and Kondrashov 2009), but duplication per se does not directly generate new piRNA sequences. Only two known modes of new piRNA acquisition have been reported. One was observed in fruit flies, in which a TE inserts into an actively expressed piRNA cluster (Klattenhoff et al. 2009) (Fig. 6, left) . However, considering that active piRNA-producing loci represent only a tiny fraction of the genome, and that no preference for insertions of TE into piRNA-producing loci has been reported (Kumar and Chen 2012) , this mechanism is unlikely to explain the majority of new piRNA acquisitions. We recently reported a second mechanism (Sun et al. 2017) where we found that, in modern chickens, new piRNA originate via activation of a pre-existing TE locus in the genome, ALVE6, that does not produce piRNA in wild chickens (Fig. 6, right) . The ability to produce piRNA, which is activated in White Leghorn but not in the Red Jungle Fowl, reflects a previously unrecognized plasticity that turns piRNA production "on" or "off". Our work opens a new question: how does the host activate an existing genomic element to become a piRNA-producing locus? This is linked to an unsolved question in the piRNA field: what determines whether or not a genomic locus produces piRNA?
Advantages of using chickens as model organisms
There are several advantages that make chickens an excellent model organism to study how the arms race between piRNA and TE shapes an animal genome. First, the chicken genome is one third the size of the human genome and includes a smaller fraction of TE (10% in 
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chicken vs. 50% in human) (International 2004) . Therefore, chicken TE are less repetitive and relatively easier to work with, both bioinformatically and experimentally. First, there is only one full length and one truncated ALVE provirus in the reference chicken genome in contrast to more than 100 copies of HERV-K(HML2) in the human genome. Second, despite diverging from mammals approximately 330 million years ago (Benton and Donoghue 2007) , the chicken genome harbors ERV closely related to the pathogenic human viruses and human ERV (Chan et al. 2013 ). Third, diverse chicken breeds, developed through natural selection and artificial breeding, are available for comparison.
Comparative studies of mice and chickens also open the possibility to understand the sexual dimorphism of the piRNA pathway. Mutant mice with piRNA pathway defects are invariably male sterile (Deng and Lin 2002; Kuramochi-Miyagawa et al. 2004; Carmell et al. 2007 ), but female mutant mice are fertile. It is unclear whether the piRNA-caused sterility in mammals is male specific or heterogametic-sex specific. Chickens have a ZW sex-determination system (a male chicken has a ZZ chromosome, and a female chicken has a ZW chromosome), as opposed to an XY system in mammals, allowing for the study of piRNA in the homogametic males. The germ cells of both roosters and male mice robustly express PIWI proteins. However, we have yet to disrupt the piRNA pathway in roosters. The disruption of CVH/DDX4, a key component of the piRNA pathway, causes male sterility in mice (Tanaka et al. 2000) but female sterility in chickens (Taylor et al. 2017) . Identifying the key regulator(s) for such sexual dimorphism would likely lead to a greater understanding of Utilizing piRNA to improve reproductive health in the poultry industry
The poultry industry relies heavily on reproductive efficiency, with compromised male fertility in the broiler industry constituting a serious economic problem (Parker et al. 2000; Bowling et al. 2003; Riaz et al. 2004; Bilcik et al. 2005) . Similar fertility problems are also present in the turkey industry. Although it is believed that the low fertility is associated with selection for rapid growth, broiler breeders display individual variations in sperm count and fertility (Moyle et al. 2012) , suggesting the potential for obtaining improved fertility by exploiting genetic diversity in the existing stock. Considering that the United States produced approximately nine billion broilers in 2017 (according to US Broiler Industry: Background Statistics and Information from USDA) at a price of $2.24 per broiler chick (according to the price on www.purelypoultry.com, March 2019), even a 1% increase in the reproductive efficiency of broiler breeders will reduce the cost of broilers by $200 million per year. Elucidating the role of piRNA pathway defects in infertility may put forth a new etiology of subfertility in the poultry industry, thus providing new drug targets.
The study of TE and piRNA may also be used to guide breeder selection. In addition to TE insertion polymorphisms (Fig. 4) , the capability to produce piRNA may serve as potential contributors to genetic changes that underlie phenotypic selection. As active TE are controlled by piRNA-producing loci, both repressive and non-repressive alleles may exist in the chicken population (Fig. 5) . During selective breeding, it is possible that a genomic region responsible for piRNA production is segregated from the active TE, resulting in TE activation in the germ line of the F1 generation and increased TE insertions in the F2 generation. High TE expression and increased transposition have been associated with low body weight in chickens (Ka et al. 2009a (Ka et al. , 2009b . Therefore, identifying active TE and piRNA clusters in diverse domestic breeds may provide another path for the discovery of functional polymorphisms underlying quantitative traits.
